In pyrrolizidine alkaloid-bearing Heliotropiwn angiospermum and H. indicum shoots exposed, in the light, to "4C-labeled CO2 for 44 hours, the incorporation of 4C into 1,2-epoxy-1-hydroxymethylpyrrolizidine and retronecine amounted to 0.23 and 0.15%, respectively, of the total carbon assimilated. Treatment of the shoots with a-DL-difluoromethylornithine, the specific ornithine decarboxylase inhibitor, at 1 to 2 millimolar had no effect on 14C incorporation into the necines. In contrast, a-DL-difluoromethylarginine, the specific arginine decarboxylase inhibitor, prevented the incorporation of '4C into the necines of both species; the inhibitor did not affect the absolute incorporation of '4C from exogenous [1,4-'4C putrescine in either species. Thus, arginine is the only apparent endogenous precursor of the putrescine channeled into pyrrolizidines, at least in these two Heliotropium species that exhibited a relatively much higher in vitro activity of arginine decarboxylase than of ornithine decarboxylase. However, within 28 hours after administration, not only exogenous L[5-`4Caginine, but also exogenous L-j5-'4Cjornithine exhibited significant incorporation of their label into the necines, incorporation that could be partially prevented by both inhibitors. Neither inhibitor affected the rates of 14C-labeled CO2 assimilation, transformation of labeled assimilates into ethanol-insoluble compounds, or the very high degree of conversion of the introduced amino acids into other compounds. Methodology related to alkaloid biosynthetic studies is discussed. endogenous source(s) of Put in pyrrolizidine alkaloid-bearing Heliotropium plants, we determined in preliminary studies the in vitro activities of ODC and ADC from young leaves of four Heliotropium species (8). Although the ADC activities were lower than those found in plants not containing pyrrolizidines, the activities of ODC were much lower than those of ADC. The levels of alkaloids found in the leaves showed no significant correlation with the ADC activities.
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This study reports the effects of DFMO and DFMA, specific enzyme-activated irreversible inhibitors of ODC and ADC, respectively, on biosynthesis of necines from precursors formed in situ in Heliotropium angiospermum and H. indicum plants exposed to pulse labeling with '4C-C02 in light. We also used Senecio vulgaris3 obtained from California, the only population available to us at the time of the experiments.
For comparison, the incorporation of labeled exogenous L-Orn and L-Arg into the necines was also investigated.
In H. angiospermum, over 90% of the total alkaloid content is represented by (lp, 2,B-epoxy-la-hydroxymethyl-8a-pyrrolizidine ( Fig. 1 ), occurring in a nonesterified form (5); in the plants used this alkaloid represented about 95% of the total. In H. indicum, esterified retronecine amounts to about 97% of the total alkaloid (9). In the previous in vitro studies ODC and ADC extracted from both species were completely inhibited by 1 mm DFMO and DFMA, respectively.
The biosynthetic pathway leading to the formation of the aminoalcohol moiety (necine) of pyrrolizidine alkaloids from two molecules of Put2 has found strong experimental support from studies in which specifically labeled Put, Orn, Arg, spermidine, or spermine were introduced into the plants and the labeling pattern of the necine was analyzed after a period of 3 to 14 or more days. These studies, on Senecio magnificus (1) , S. vulgaris (1 1), and S. isatideus (12, 13, 18, 19, 21) , were restricted to retronecine (Fig. 1) , the most commonly occurring necine.
Labeled exogenous Orn was also used as a precursor of retronecine in S. jacobaea (17) and in Crotalaria retusa (16) , but the labeling pattern was not examined. In comparative studies, exogenous L-Orn and L-Arg exhibited rather similar absolute incorporations into the necine in Senecio (1, 19, 21) .
To assess the possible role of these two amino acids as the ' Presented at the International Union of Pure and Applied Chemistry 15th International Symposium, August [17] [18] [19] [20] [21] [22] 1986 , in the Hague, the Netherlands.
2Abbreviations: Put, putrescine; Orn, ornithine; Arg, arginine; ODC, ornithine decarboxylase; ADC, arginine decarboxylase; DFMO, a-DLdifluoromethylornithine; DFMA, a-DL-difluoromethylarginine; TLE, thin layer electrophoresis.
MATERIALS AND METHODS
Plant Material. The plants were grown in the greenhouse as previously described (6). Youngest shoots of flowering H. angiospermum and H. indicum and derooted plants of S. vulgaris at budding were used; the leaf/stem fresh weight ratio in H. angiospermum was about 2:1, whereas in the other species it was about 1:1.
Experiment A. The shoots were treated with H20 (control), 2 mM DFMO, 2 mm DFMA, or both inhibitors together by putting the stems in the appropriate solutions in small Erlenmeyer flasks in the light. After 24 h, 4 to 6 shoots per treatment were sampled, weighed, cut, and immediately frozen in two replicates. The remaining ones (4-6 per treatment), with their stems in H20, I mM DFMO, 1 mM DFMA, or both inhibitors together were exposed in light to 2.6 mCi of'4C-labeled CO2 in a plexiglass chamber as previously described in detail (4) . The labeled CO2 released together with the CO2 present in the enclosed air amounted to about 13 mg C; additional cold CO2 corresponding to 15 mg C was released 5 h after the 14C02 release. The average specific radioactivity of C amounted to about 2 x 105 cpm/,ug C. After 44 h exposure the chamber was flushed with air and the plants were sampled. Only traces of radioactivity were found in the solutions in which the stems were immersed.
'Voucher specimens are on deposit at the Union College Herbarium (UCS). The Heliotropium collections are the same as used previously (8 The levels of alkaloids in the young shoots of Heliotropium (Table II) were relatively high, especially in H. angiospermum. Unfortunately, the alkaloid content of S. vulgaris was very disappointing; neither changes in the form or levels of nitrogen fertilizers nor increased light intensity during plant growth increased alkaloid production in these plants. Only traces of 14C were found in the retronecine fraction of the controls shoots.
In contrast, the incorporation of 14C into retronecine, and especially into epoxy-hydroxymethylpyrrolizidine in control Heliotropium shoots was relatively high and not much lower than the specific incorporation of exogenous Orn or Arg reported in the publications mentioned above. The specific radioactivities of the necines from control and DFMO-treated plants prior to recrystallization did not differ significantly from those obtained after two recrystallizations. DFMO did not affect the incorporation of 14C into the necines in either Heliotropium species, thus indicating that endogenous Orn was not a precursor, at least a measurable precursor, of Put that is incorporated into pyrrolizidines. In contrast, DFMA prevented biosynthesis of the necines from radioactive precursors. The slight radioactivity detected may be due to radioactive impurities and/or to the activity of some ADC molecules not reached by DFMA. In the first exposure to '4CO2, in both species, similar slight 'radioactive noise' was found in DFMA treated plants as in plants treated with DFMA and DFMO together. ODC and ADC activities in the control shoots of both heliotropiums (Table III) resemble those found previously in young leaves (8) . When analyzed separately, the stems, especially in H. indicum, revealed somewhat lower activities of the enzymes as compared with those found in the leaves.
In DMFA-treated shoots only traces of ADC activity were found; ODC activity could not be detected in the DFMO-treated shoots of either Heliotropium species.
In the experiment in which [1,4-'4C]Put was introduced into the shoots, 28 h after its application the absolute incorporation of '4C into the necines of control Heliotropium plants and those pretreated with DFMA was similar and amounted to 0.70 to 0.75 and 0.61 to 0.64% in H. angiospermum and H. indicum, respectively. Thus, the inhibition of labeled necine biosynthesis by DFMA can be clearly related to the inhibition of putrescine formation from Arg and not to an effect of DFMA on the biosynthetic pathway leading from Put to the pyrrolizidines.
At the detectability threshold of about 100 pmol/h.g fresh weight neither ODC nor ADC activity could be detected in S. vulgaris shoots regardless of the buffer pH used.
Since the endogenous levels of free Arg and Orn in the Heliotropiurn leaves are low (8) contain about 62% C. enous amino acids were administered. As shown in Table IV , in both species, the label was incorporated into the necines not only from the exogenous Arg, but also from the exogenous Orn. Moreover, the absolute incorporation of 14C from Orn was even higher than that from Arg, amounting to 0. isatideus (2 1).
After TLE of the L-Orn and L-Arg solutions labeled with DLamino acids the radioactivities detected in the Orn and Arg bands amounted to about 95% of the total activities ( Table V) . Assuming that only 50% of the introduced activity labeled the cold L-forms of the amino acids and that there were no enzymic or nonenzymic changes in the D-forms ofthe [5-'4C] amino acids, about 90% of Orn and Arg fed to the plants had already been metabolized 28 h after application. In the case ofOrn about 25% of this activity was found in compound(s) with RF of Arg; in the case of Arg about 15% was detected in compound(s) with RF of Orn. Obviously, there is no proof that any of the compounds extracted from plants and separated by TLE are, in fact-even in part-the compounds indicated for the RF in the Table. However, the effects of DFMO and DFMA on necine radioactivity suggest that in plants which do not use endogenous Orn as a measurable source of Put for pyrrolizidine biosynthesis (a) exogenous Orn may be decarboxylated in vivo by ODC to Put which is in turn channeled into pyrrolizidines and (b) exogenous Orn may give rise to Arg which in those plants may serve as a precursor of pyrrolizidines.
DISCUSSION
In the anabolic pathway in higher plants Arg derives via citrulline from Orn which in turn derives from glutamate formed in chloroplasts via N-acetylglutamate and N-acetylglutamyl-5-semialdehyde; the exact intracellular location of the enzymes involved is not known, beyond the fact that mitochondria play a partial role. In the catabolic pathway, membrane-separated from the anabolic pathway, Arg hydrolyzed by arginase yields Orn which, as with exogenous Orn, may give rise to glutamyl-5-semialdehyde (23) .
As is well known, Orn yields Put directly due to ODC, whereas Arg yields Put indirectly via agmatine, the product of ADC activity, with the involvement of two additional enzymes, agmatine deaminase and N-carbamyl putrescine amidohydrolase (22) .
The results obtained with DFMA-treated Heliotropium plants exposed to '4C02 are the first proof that endogenous Put from an endogenous source is the precursor of necines in a pyrrolizidine alkaloid-bearing plant, supporting the conclusions drawn in this respect from experiments with exogenous precursors introduced into Senecio plants. At the same time, our experiments are a reminder that the intracellular compartmentalization of endogenous substrates and enzymes may determine whether a potential indirect precursor is incorporated, especially when two or more possible metabolic pathways exist in a cell; such a control mechanism may be ineffectual with exogenous compounds. In both Heliotropium species Arg was the only measurable endogenous precursor of the Put incorporated into necines. No measurable role of endogenous Orn as a necine precursor could be detected, in spite of the fact that the plants, especially H. angiospermum, did reveal measurable, although low, in vitro activities of ODC. However, it appears that exogenous Orn can yield necines from ODC-produced Put. The observed differences between exogenous Orn and Arg in the incorporation of their label into necines may be largely due to differences in dilution factors during their conversion into Put, the dilution factor being much higher for Arg due to the larger number of steps in its pathway. Obviously, with exogenous precursors, there is no control either over their transport through tissues and cells or over the intracellular sites of their penetration.
No information could be found on transformations of exogenous Orn or Arg after their introduction into a pyrrolizidine alkaloid-bearing plant except for the incorporation of the label into the alkaloid. Neither could any information be found about ODC or ADC activities in any such plant, except for the heliotropiums discussed here.
The question of the ODC in situ involvement in metabolism as well as of ADC involvement in pathways other than those leading to pyrrolizidines in the investigated borages remains open. The results obtained indicate that citrulline as the possible precursor of Put (10) channeled into pyrrolizidines, at least in the two Heliotropium species, may be eliminated.
In our previous experiments with H. spathulatum (4) which contains three necines in measurable amounts, the resulting changes in the total and specific radioactivities of the necines after exposure of the plants to 14C02 indicated that trachelanthamidine (1-hydroxymethylpyrrolizidine) is the first necine formed-apparently via homospermidine (6, 13, 20) -and that it may in turn be converted into supinidine (the corresponding 1,2-unsaturated aminoalcohol) and retronecine. Recently labeled trachelanthamidine introduced into S. isatideus proved to be an efficient precursor of retronecine when tested a week after its application (14) ; and it yielded 15 to 20% absolute incorporation into retronecine in S. riddellii after 3 weeks of feeding (15) . Although we could not detect trachelanthamidine either in S. riddellii or S. longilobus from New Mexico with alkaloid contents of 1.5 and 2.8% dry weight, respectively (5), we did identify trachelanthamidine in H. angiospermum and H. indicum plants at about 1 to 4% of total alkaloid (5, 9) . The formation of retronecine from labeled Put in H. indicum involves more steps than that of the 1,2-epoxy-1-hydroxymethylpyrrolizidine in H. angiospermum. This might be one of the factors that resulted in a lower incorporation of 14C into the necine in H. indicum with (8, 9) . In relation to this investigation it is worth recalling experiments with lupine quinolizidine alkaloids, in which we followed the conversion of exogenous sparteine into more oxidized quinolizidines in bitter white lupine plants; for comparison, we introduced sparteine into nonalkaloidal bean plants. In both cases similar conversions of sparteine were found although in beans they took place mostly during the few hours needed for alkaloid introduction (2) . Conversion of '4C-labeled lupanine into other alkaloids 10 to 17 d after introduction into lupine plants was not much different from that found after 3 d, at the first sampling (3).
